in a cell cycle-dependent manner. Only four of these (DivJ, CckA, PleC, and CheA) have been characterized, and three of the four (boxed in Fig. 4 ) are known to be dynamically localized to the cell poles at different times in the cell cycle (21, 22) . The spatial distribution of CtrA also varies during the cell cycle (Fig. 1A) (20) ; together, these observations add another regulatory dimension. The operation of Caulobacter's genetic circuitry controlling cell cycle progression and asymmetric cell division must ultimately be analyzed and modeled as an integrated, threedimensional system of coupled chemical reactions incorporating genome-scale information on mRNA and protein levels, posttranslation modifications, and spatial distributions.
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The growth of the bacterial flagellar filament occurs at its distal end by self-assembly of flagellin transported from the cytoplasm through the narrow central channel. The cap at the growing end is essential for its growth, remaining stably attached while permitting the flagellin insertion. In order to understand the assembly mechanism, we used electron microscopy to study the structures of the cap-filament complex and isolated cap dimer. Five leg-like anchor domains of the pentameric cap flexibly adjusted their conformations to keep just one flagellin binding site open, indicating a cap rotation mechanism to promote the flagellin self-assembly. This represents one of the most dynamic movements in protein structures.
Self-assembly is used in biological systems to construct large molecular complexes and cellular organelles. In most cases, the assembly processes are regulated by conformational adaptability between the assembled proteins and those that form the site of assembly. The assembly mechanism is not based on simple lock-and-key interactions of compactly folded molecules but involves dynamic conformational changes and partial folding. Tobacco mosaic virus (1, 2) and the bacterial flagellum (3, 4) are classical examples of such mechanisms. These two systems vividly illustrate how the conformational flexibility and adaptability of biological macromolecules regulate the assembly processes. However, the structures of the assembly sites have never been visualized, even for these welldefined structures. In order to study the assembly process of the bacterial flagellar filament, we have used electron microscopy and single particle image analysis. In many bacteria, swimming results from rotation of helical flagella driven by rotary motors at their bases (5-7). In Escherichia coli and Salmonella, the motor structure called the flagellar basal body crosses both cytoplasmic and outer membrane and continues as an extracellular structure called the hook and the filament. The assembly process starts with FliF ring formation in the cytoplasmic membrane (8) (Fig. 1A) . A dedicated export apparatus, homologous to the type III protein export system (9) , is believed to be integrated at the cytoplasmic opening of the FliF ring channel and to export selectively a set of flagellar proteins into the channel in the flagellum by using the energy of ATP hydrolysis (10, 11) . The flagellar proteins travel through the channel of the growing structure to the distal end, where the assembly occurs (12, 13) . The filament is only about 200 Å in diameter but grows to a length of up to 15 m by polymerization of as many as 30,000 flagellin subunits. The central channel through which those flagellin subunits are transported is only 30 Å wide. The entire flagellum is built by self-assembly of the component proteins.
Just before the filament elongation starts in the growth process of the bacterial flagellum, HAP2 (hook-associated protein 2, also called FliD) forms a cap on top of the hook-HAP1-HAP3 complex (14) . Then, flagellin subunits passing through the channel polymerize just below the cap one after another to form the long helical filament (15) (Fig. 1A) . The cap stays attached at the distal end during the filament growth, and the simplest role of the cap would be to prevent flagellin from leaking out (15) (16) (17) . However, HAP proteins are occasionally transported and pass through the capped end (18) . The cap may also induce a conformational change in flagellin for polymerization. For insertion of flagellin subunits, the cap must move up by steps to make room for the next flagellin monomer. Thus the cap must play apparently contradictory roles: It must remain stably attached while permitting the insertion of flagellin subunits.
We have analyzed the structure of the reconstituted cap-filament complex by electron cryomicroscopy of a frozen hydrated sample in order to visualize how the cap functions to perform the contradictory roles described above. It was a challenge to visualize such a small structure at the end of the long periodic structure, but we managed to develop a method to perform the task (19) . A few typical examples of raw images are presented, which show the low contrast and high level of noise typical of cryomicrographs (Fig. 1B) . We collected many of those images for three-dimensional image reconstruction by back projection. After two-dimensional alignment and averaging of many of these images, the resultant averaged image (Fig.  1C) clearly showed the density distributions of distinct domains. The inner and outer tubes extended over radial ranges from 15 to 30 Å (domain D0) and from 35 to 60 Å (D1), respectively, in the core of the filament, the outer domains of flagellin from 60 to 115 Å in radius (D2 and D3), and a thin, plate-like cap with a large cavity underneath.
In the reconstructed three-dimensional density map, the filament portion showed the expected helical array of the outer domains of flagellin subunits (Fig. 2) , 7 as in the previous maps produced by helical image reconstruction (20, 21) . The array of these outer domains could be traced along the 1-start helix of the filament, a very shallow, right-handed helix with a pitch of about 26 Å containing approximately 11 subunits per two turns. Because the chain of subunits was unbroken along the 1-start helix, the assembly of subunits is likely to proceed along the 1-start helix.
The lid-like plate or cap at the top was 120 Å wide and 25 Å thick; the diameter was roughly the same as that of the outer tube of the filament (domain D1). Its pentagonal shape in the end-on view ( Fig. 2A ) indicated that the cap is a pentamer of HAP2, half of the decamer complex formed in solution (22, 23) . This pentagonal plate is attached to the distal end of the filament at five positions through its anchor domains, where these anchor domains show significant deviation from the five-fold symmetry. The five anchor domains are well separated from one another, forming five gaps with different sizes and shapes between the plate and the filament end (Fig.  2C) . One of the gaps ( Fig. 2C-1 ) is distinctly larger than the other four, having an inverted L shape. The wide portion of this gap has a vertical dimension of about 50 Å with a width of 25 Å, which corresponds to the size of domain D1 of flagellin (24, 25) . Domain D1 is axially elongated and composed of axially aligned ␣ helices (26 ) . Because of the axial stagger in the lateral subunit packing, the end of the filament is not flat but has five indentations around its circumference, one of which is a double indentation. With the HAP2 plate in place, these indentations in the filament end become openings of different sizes from the central channel to the exterior of the filament (discussed below). The opening having an inverted L shape has the characteristic shape and size of the double indentation, and this is the only one large enough to accommodate domain D1. Thus, this is most likely to be the site of flagellin assembly.
Inside the filament just below the cap plate, there is a cavity roughly 40 Å wide and 70 Å deep (Fig. 2, D and E) . In the filament's interior, the cavity widens up to 60 Å for about 15 Å and suddenly narrows down to the central channel of the filament, about 30 Å wide. Because 30 Å and 60 Å are the inner diameters of the inner and outer tubes, respectively, the narrower part of the cavity just below the plate is likely to be narrowed by the anchor domains of HAP2 extending into the cavity at a slightly smaller radius than that of the outer tube.
However, because of the limited resolution of the map, individual anchor domains cannot be distinguished from the outer-tube domains of flagellin.
Each domain of flagellin may be thin enough to be accommodated in the channel, but because the folded flagellin molecule has a kink in the middle, it cannot pass through the channel (20, 21, 26 ) . Flagellin would need to be unfolded or at least have its domains drastically rearranged before it reaches the distal end. This cavity may play some role in helping flagellin to fold up, perhaps in a way similar to Anfinsen's cage in chaperonin (27 ) . The cavity appears to have the right size to accommodate only one flagellin subunit, allowing its refolding without aggregation with other subunits.
The HAP2 protein forms a decameric complex in solution (22) . The decamer observed by electron microscopy shows a pentameric feature in its end-on view (28) and a bipolar structure with two thin plates connected by a pair of long, slightly tapered cylindrical walls in its side view (23) . The connecting portion appeared to be relatively flexible. We carried out a single particle analysis to deduce the threedimensional structure (29) (Fig. 3) . The structure showed a bipolar pair of the pentamers; each pentamer was composed of a pentagonal plate and five leg domains. The two pentamers were connected with a domain with no particular feature at the center. This portion is made of both terminal regions, because when about 40 NH 2 -terminal and 50 COOH-terminal residues of HAP2, which are disordered in the pentameric or monomeric form of HAP2, are cleaved off, the fragment does not form the decamer (30) . Only one-half of the decamer showed clear structural features; the other half showed a blurred image (Fig. 3B) because the connecting domain is relatively flexible, and we aligned only a portion containing a pentamer for the analysis. The flexible nature of the termini may be reflected in this connector flexibility.
In the cap-filament complex, the leg domains of the cap must be plugging into the cavity of the filament end to anchor the cap, as was suggested (23) . Although individual leg domains were not discernible in the density map because of the limited resolution (Fig. 2) , it appeared that four of the five indentations formed by domains D1 of flagellin were filled with the HAP2 leg domains, whereas the one with double indentation was not filled by the last leg domain (Fig. 4B) . This leaves the inverted L-shaped opening fully open for flagellin assembly (Fig. 4B-1) . This opening has the right size and shape and probably has an appropriate atomic surface structure for the newly arriving flagellin subunit to insert and bind, although it is probably large enough for HAP proteins to pass through. From the length of the axial domain of the HAP2 pentamer, which was longer than 100 Å (Fig. 3) , the terminal regions of HAP2 are likely to extend further, deep into the cavity of the filament end, probably interacting with domains D0 of flagellin. This interaction seems to be important in stabilizing the cap-filament interaction, because the capping ability is completely lost upon truncation of the disordered terminal regions of HAP2 (30) .
Because of the symmetry mismatch between the helical subunit array of the filament with 11 protofilaments forming the tube and the pentameric annular structure of the cap, the five leg domains of the cap must have significantly different conformations from one another for interaction with flagellin (30) . This is indicated by the different ways in which the HAP2 leg domains fill the indentations at the end of the filament (Figs. 2C and 4B) . The highly flexible nature of the leg domain, as partly indicated by the disordered terminal regions in the isolated cap (30) , allows such polymorphic interactions, reducing conformational strains and permitting stable interactions between the two structures in spite of the symmetry mismatch. A few flagellin subunits at the very top show significant deviations in their positions from those of the ideal helical lattice, suggesting that a conformational flexibility of flagellin subunits may also contribute to further reducing the strains. At the same time, the high conformational entropy of the cap anchor domains would counterbalance the strong binding of the cap to the filament as a whole for efficient insertion of flagellin, as we discussed previously (30). (E) Contoured map of the central section of the cylindrically averaged density. Going up along the filament axis, the continuous density of the inner tube (D0) stops (arrowhead) well before the continuous density of the outer tube (D1) reaches the plate of the cap. At this point, the outer tube wall becomes apparently thicker toward the inside (the thicker portion is indicated by vertical bar with terminal tics). This extra density can be attributed to the extension of the anchor domain of HAP2 into the cavity below the thin plate. Scale bar in (D), 100 Å. Every insertion of a flagellin subunit is likely to force the cap to move into the next stable position energetically equivalent to the current position. An obvious prediction from the present structure and our previous discussion (30) is that the cap moves up 4.7 Å and rotates 6.5°along the left-handed 5-start helix of the filament (Fig. 4C) . In terms of the cap conformation, the next position is approximately 65.5°away along the right-handed 1-start helix. However, with permutation of the conformational states of the legs, which are 72°apart, a rotation of only 6.5°would suffice. This would result in a roughly complete rotation of the cap by the assembly of 55 flagellin subunits. At every subunit incorporation, four legs of the cap rearrange their conformations, and the last one changes its binding partner; that is, these legs walk along the helical steps of the filament end. These dynamic movements of the cap and its leg domains are required for efficient promotion of the flagellin self-assembly (31).
The energy for the cap rotation with the conformational rearrangements is presumably supplied by the binding energy of newly incorporated flagellin subunit to domains of flagellin and HAP2, where the binding occurs by concentration of flagellin within the channel by the type III export apparatus and the cap. The energy required for these movements would be relatively small, because the process would involve a number of small conformational rearrangements in sequence, where the energy would propagate from one to the next.
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Dendritic cells (DCs) are critical in both initiating adaptive immune responses and maintaining tolerance to self antigens. These apparently contradictory roles have been suggested to depend on different subsets of DCs that arise from either myeloid or lymphoid hematopoietic origins, respectively. Although DC expression of CD8␣ is attributed to a lymphoid origin, here we show that both CD8␣ ϩ and CD8␣ Ϫ DCs can arise from clonogenic common myeloid progenitors in both thymus and spleen. Thus, expression of CD8␣ is not indicative of a lymphoid origin, and phenotypic and functional differences among DC subsets are likely to reflect maturation status rather than ontogeny.
Dendritic cells (DCs) are specialized antigen-presenting cells that both orchestrate specific immune responses (1, 2) and delete potentially autoreactive T cells (3, 4 ) . These seemingly contradictory functions have been suggested to result from the actions of different DC subsets (5, 6 ) . Recently, murine DCs have been subdivided into at least two populations, myeloid and lymphoid, on the basis of anatomic localization (7, 8) , transplantation experiments (3), and cell surface phenotypes (8, 9) . DCs bearing the CD11c ϩ MHCII ϩ Mac-1 ϩ CD8␣ Ϫ cell surface markers (hereafter referred to as CD8␣ Ϫ DCs) can efficiently derive from myeloid precursors (10) . Alternatively, DCs bearing the CD11c
